Factor VIII circulates as a metal ion dependent, heterodimeric procofactor comprised of a heavy chain (A1 A2 B domains) and light chain (A3 C1 C2 domains). Copper ion(s) facilitate dimer formation and contribute to its thermodynamic stability, whereas calcium ions are essential for maintaining the active conformation. Factor VIII is proteolytically activated by thrombin or factor Xa converting the procofactor to the active cofactor, factor VIIIa, a trimer of A1, A2 and A3 C1 C2 subunits. This activation is promoted by interactions of proteinase exosites that bind the factor VIII substrate at sites removed from the scissile bonds. Factor VIII assembles onto an anionic phospholipid surface in complex with factor IXa to form the intrinsic factor Xase; which efficiently converts factor X to factor Xa during the propagation phase of coagulation. The role of factor VIIIa is to markedly increase the catalytic efficiency of factor IXa in the activation of factor X. This effect is manifested as a dramatic increase in the catalytic rate constant, kcat, by mechanisms that remain poorly understood. Factor VIIIa factor IXa interactions occur over an extended surface. The majority of the binding energy is contributed by interacting residues contained within the A3 C1 C2 subunit of factor VIIIa and the light chain of factor IXa. However, modulation of the active site region of the enzyme is achieved following interaction with the A2 subunit, as judged by the capacity of isolated A2 subunit to enhance the kcat by 100 fold. Multiple regions in A2 appear to participate in catalytic rate enhancement. While some residues appear to function in the docking of A2 with the proteinase domain, other segments of this subunit may facilitate inter protein tethering and/or steer substrate factor X for efficient interaction with the active site of the proteinase.
Introduction
Hemophilia A, the most common of the severe, inherited bleeding disorders, results from a deficiency or defect in the plasma protein, factor VIII. The biochemistry of this protein is complex.
Its structure requires metal ion dependent and independent interactions. Conversion of the procofactor to active cofactor occurs through limited proteolysis catalyzed by enzymes that bind the factor VIII substrate at sites far removed from the scissile bonds. Although cleavage sites have 27 been identified, limited mechanistic information is available on structures in factor VIIIa that become functional in modulating the active site of factor IXa to enhance its catalytic activity toward activating factor X.
Factor VIII structure
Factor VIII is synthesized as a large ( 300 kDa; 2332 residues) single chain protein 1) 2) . Internal sequence homology analysis identifies three "A" domains homologous to the A domains in factor V and ceruloplasmin, two "C" domains homologous to the lipid binding region of a cellular agglutinin from Dictystelium discoideum, and a large "B" domain that is not homologous to other known structures 1) 3) , In addition, short segments ( 30 40 amino acids; and designated by a lower case "a") possessing high concentrations of acidic residues follow the A1 (residues 337 372) and A2 domains (residues 711 740) and precede the A3 domain (residues 1649 1689). Thus the domainal structure of factor VIII is ordered as (NH 2 ) A1 a1 A2 a2 B a3 A3 C1 C2 (COOH) ( Fig. 1) .
Rigorous structural information on factor VIII is limited. Homology modeling of the A domains 4) based upon the crystal structure of ceruloplasmin ( 34% identity with factor VIII A domains) represents a useful tool in predicting structure function correlation. The X ray structure of the C2 domain 5) provides important information on the mechanism for cofactor binding to surfaces. This binding is accomplished by both hydrophobic and electrostatic interactions. The former involves several hydrophobic residues which penetrate the lipid bilayer and interact with the aliphatic hydrocarbon chains. The latter interaction is contributed by a ring of basic residues localized above the hydrophobic residues that associate with the anionic polar head groups of phosphatidylserine moieties. Studies on 2 D crystals of factor VIII bound to phospholipid have yielded gross information (15 Å resolution) on domainal orientation and have been employed to construct a 5 domainal model of factor VIII consisting of the three A and two C domains 6) .
This model may prove useful in providing insights into gross conformational effects. Furthermore, the recent crystal structure of the A1/A3 C1 C2 domains of factor Va 7) will likely form the basis for improved homology models for factor VIII. (Fig. 1) . The function of the factor VIII B domain, which represents 40% of the mass of factor VIII, is poorly understood, but does not appear to contribute to procoagulant activity. Recombinant 11) or naturally occurring 9) 10) heterodimers lacking this region possess normal coagulant activity, indicating that this region is dispensable for function.
Binding of the heavy and light chains is noncovalent and requires a metal ion dependent linkage with the residues responsible contained within the A1 and A3 domains 3) 12) . While a copper ion is likely involved in this interaction, the nature of this linkage and residues involved are not yet resolved. A single copper ion has been identified in factor VIII 13) 14) and its location is controversial. Type 1 copper binding sites have been proposed to exist in both the A1 and A3 domains 4) 15) 16) .
However, the absence of characteristic spectral properties typical of a type 1 copper binding protein suggests these sites maybe unoccupied. (A3 domain) interface 4) . Recent evidence indicates copper marginally contributes to the specific activity of factor VIII 17) , yet markedly enhances the inter chain affinity 18) . The latter studies, employing fluorescence energy transfer techniques, indicated the inter chain affinity in the absence of copper (Kd 50 nM) is increased as much as 100 fold in the presence of copper (Kd 0.5 nM). Furthermore, since this analysis employed subunits that were modified with fluorophores at Cys310 (heavy chain) and Cys2000 (light chain), residues proposed to participate in the type 1 copper sites, this observation provides indirect evidence in support of a functional role for the type 2 copper site.
Based upon reconstitution studies using isolated factor VIII chains, copper alone is insufficient to generate cofactor activity 17) 19) .
However, recombining purified factor VIII chains in buffers containing Ca 2+ or Mn 2+ yields active factor VIII 19) . These ions do not contribute to the inter chain affinity but rather promote cofactor activity by modulating the conformation of the heterodimer 18) . Ca 2+20 and Mn 2+21 bind to both heavy and light chains of factor VIII, yet this binding appears to occur at non identical sites.
Recently it was reported that residues 94 110 in the homologous protein, factor V, a region rich in acidic amino acid residues, formed a Ca 2+ binding site 22) . A similar acidic residue rich region exists in factor VIII (residues 110 126) and a number of missense mutations within this region are noted in the Hemophilia A database 23) . This observation is consistent with a functional role for this segment of the protein.
Site directed mutagenesis of this region in factor VIII (residues 110 126) was performed to evaluate the role of this region in metal ion coordination 24) . Stimulation of cofactor activity in response to added divalent metal ion (Ca 2+ or Mn 2+ ) was used as an indicator to determine affinity values. Ca 2+ binding affinity was greatly reduced (or lost) following substitution at Glu110, Asp116, Glu122, Asp125, or Asp126 with alanine.
These mutations also demonstrated specific activity values that were 10% or less that of the wild type factor VIII value, consistent with a role for these residues in the generation of cofactor activity. Alternatively, Ala substitution at Glu113, Glu115, or Glu124 showed wild type like activity with little, if any reduction in Ca 2+ affinity.
Examination of Mn 2+ affinity resulting from mutation at these sites showed minimal effects except for the mutations at Asp116 and Asp125.
Assuming that the loss of a ligand for divalent metal ion coordination results in reductions in metal ion binding affinity, these results suggested that Glu110, Asp116, Glu122, Asp125, and Asp126 likely coordinate Ca 2+ , whereas Asp116 and Asp125 may contribute to Mn 2+ coordination.
It was speculated in the above study that Ca 2+
or Mn 2+ coordination may stabilize this region of A1 that juxtaposes the C1 domain ( Fig. 2) . While A1 and A3 domains appear to associate with a relatively extended interface, the interface between A1 and C1 is small. Thus stabilizing a segment in A1 near C1 may add structure to the region separating the A and C domains. This hypothesis is supported by results obtained with Mn 2+ , which is typically coordinated by acidic residues and/or His residues. There are two His residues in C1 (His2082 and His2137) that are in close proximity to residues 110 126 in A1. Thus these His residues may contribute to Mn 2+ coordination with D125 (and possibly D116) and this explanation is compatible with results
showing that C 2+ and Mn 2+ bind different sites 21) yet generate active factor VIII of similar specific activity. Overall, the stabilization imparted from metal ion binding near the A1 C1 junction may be necessary to provide proper orientation of factor VIIIa subunits within the factor Xase complex (see below).
Interestingly, Ala mutagenesis of the Ca 2+ site in A1 revealed a gain of function mutation at Glu113 24) . This mutation exhibited an 2 fold increase in Ca 2+ affinity as well as in specific activity of the cofactor as judged by a one stage clotting assay. The nature for the increased affinity for Ca 2+ may derive from elimination of an acidic residue that tends to withdraw the metal ion from its appropriate coordination site. In a recent study 25) , saturation mutagenesis revealed that substitution at this position with relatively small, nonpolar residues was well tolerated, whereas replacement with a number of polar or charged residues was detrimental to activity. While a mechanism for increased specific activity has not been determined, preliminary results suggest that the mutation enhances affinity of factor VIIIa for factor IXa on the platelet membrane surface.
(Wakabayashi et al., unpublished observations).
Activation of factor VIII
Activation of factor VIII proceeds by limited proteolysis catalyzed by thrombin or factor Xa, with the former likely representing the physiologic activator 26) . Sites of cleavage occur near stretches of acidic residues at domainal boundaries and include P 1 sites Arg372 (a1 A2 junction) and Arg740 (a2 B junction) in the factor VIII heavy chain and Arg1689 (a3 A3 junction) in the light chain ( Fig. 1) . This enhancing the affinity of factor VIIIa for anionic phospholipid surfaces including the activated platelet 30) . Furthermore, this cleavage also appears to contribute to increased specific activity of the cofactor 31) 32) , although the mechanism for this effect is not known. Cleavage of the heavy chain at residue 740 (A2 B domainal junction) yields an 90 kDa heavy chain form (contiguous A1 A2 subunit) that requires further cleavage (at residue 372) to express factor VIIIa activity 10) .
Cleavage at this site is essential to expose a functional factor IXa interactive site(s) in the A2 domain that is (are) cryptic when this domain is contiguous with A1 in the unactivated molecule 33) .
This latter observation was suggested by an experiment assessing factor Xa generation using intact factor VIII heavy chain in place of factor VIIIa 33) . Little factor Xa was generated initially in the presence of factor IXa plus heavy chain.
However, formation of low levels of factor Xa resulted in the cleavage of some of the heavy chain to yield the A1 and A2 subunits. Since A2 subunit directly stimulates the activity of factor IXa (Ref 34) ,see below), the generation of A2 further stimulated the production of factor Xa, which in turn yielded more of the A2 subunit cleavage product. Earlier studies using the site specific inhibitors heparin 36) and hirugen 37) that serve as ligands for thrombin anion binding exosites I and II, respectively, indicated that both exosites contributed to the activation of factor VIII. More recently, Ala scanning mutagenesis identified several basic residues in each exosite as contributing to the interaction with the factor VIII substrate based upon reduced rates of proteolysis following substitution by alanine at these sites 38) . Limited information is currently available concerning the locations of these protease interactive sites in factor VIII.
Recently, Nogami et al. 39 40) . Furthermore, that study showed that an acidic residue rich region comprising residues 389 394 and localized near the N terminus of the A2 domain interacts with thrombin to facilitate the cleavage of the heavy chain at Arg740 (A2 B domain junction; Fig. 3 ).
This cleavage is likely required to yield functional cofactor as remnant fragments remaining covalent at the C terminus of A2 subunit appear to markedly reduce cofactor activity. Identification of a thrombin interactive site that, following association, facilitates cleavage at Arg372 remains to be determined.
III. Inter subunit interactions in factor VIIIa
Factor VIIIa is a heterotrimer composed of the heavy chain derived A1 and A2 subunits and the A3 C1 C2 subunit derived from the light chain 41) 42) (Fig. 1) . The A1 and A3 C1 C2 subunits retain the metal (copper) ion dependent linkage present in the procofactor 12) 43) ,
whereas the association of A2 subunit with the A1/A3 C1 C2 dimer is metal ion independent and is mediated by electrostatic interactions 42) .
Association of A2 with dimer is reversible (Kd 260 nM at physiologic pH) 12) 44) indicating an equilibrium exists between bound and free A2 subunit. For example, addition of exogenous A2 subunit to factor VIIIa markedly retards the observed decay of factor VIIIa activity by shifting the equilibrium to the A1/A3 C1 C2 bound A2 form 45) . This affinity is enhanced 10 fold at slightly acidic pH (Kd 30 nM at pH = 6.0 12) ,)
suggesting a pH dependent interaction between A2 subunit and the A1/A3 C1 C2 dimer.
Recent studies assessing the contributions of specific subunits to A2 subunit retention have shown that A1 subunit is critical. The highly acidic C terminal region (a1, residues 337 372) of A1 subunit, originally believed to be important for retention of A2 46) , appears to contribute primarily to the proper orientation of the A2 subunit relative to other factor VIIIa subunits in facilitating interactions with the active site of factor IXa 47) . Fluorescence resonance energy transfer experiments assessing the affinity of A2 subunit for a fluorophore labeled A1 subunit in the absence and presence of A3 C1 C2 showed that >90% of the binding energy involved in A2 retention within factor VIIIa was derived from direct interaction with A1 48) . Study of an A1 subunit truncated both termini, following cleavage by factor Xa at Lys36 and Arg336 to yield a subunit designated A1 37) 336) , suggested that the A1 termini did not directly participate in interaction with A2 but rather helped maintain A1 in a conformation that allowed for productive binding interactions 48) .
Thus in the absence of termini, it was speculated that a native conformation in the truncated A1 was achieved by association with the A3 C1 C2 subunit 48) . Therefore, while the presence of the A1 N and C termini are important for functional cofactor activity 47) 48) , they do not appear to serve as a direct site for tethering A2 subunit but rather appear required to aid in orientation of A2 in the factor VIIIa heterotrimer with factor IXa.
Re c e n t l y, w e e m p l o y e d A 1 f r a g m e n t s obtained following trypsin cleavage, to probe the interaction of A1 and A2 subunits 49) . Results from that study suggested that residues 221 336 of A1 efficiently blocked interaction of A1 subunit with A2 in a pH dependent manner. The factor VIII A domain homology model predicts residues within this fragment lie close to the A2 domain and form an extended interface. Interestingly, a fragment comprised of A1 residues 37 121 exhibited limited inhibition of the A1 A2 inter subunit interaction.
This fragment appears far removed from the A2 domain in the homology model, suggesting that a potentially substantial change in orientation of the two domains would be required upon cofactor activation to juxtapose these regions.
In a complementary study, synthetic peptides to A2 domain sequences (restricted to residues 373 562) were used as probes for inhibition of factor VIIIa reconstitution as monitored by a one stage clotting assay as well as by fluorescence resonance energy transfer to assess their effects on activity and direct binding, respectively 47) .
Results from that study identified three peptides, 373 385, 418 428 and 518 533 that inhibited reconstitution as measured by both assays. This dual approach suggested that these sites in A2
were A1/A3 C1 C2 interactive. While the homology model predicts the latter sequence is buried at the A1 A2 interface, the former two regions are located on a face of A2 directed away from the A1 and A3 domains. Thus, the identification as these regions being A1
interactive lends support for the 37 121 region as being A2 interactive, despite its spatial separation from the A2 domain in the homology model. Xase lability due to factor VIIIa dissociation 54) .
The physiological importance of this weak inter subunit affinity is reflected in a class of hemophilia A mutations showing a discrepancy in the one stage assay, which measures factor VIII procofactor activity compared with the two stage assay, which measures factor VIIIa cofactor activity 55) . While native factor VIII shows equivalence in either assay, several point mutations 56) 58) exhibit less relative activity in the two stage assay compared with the one stage assay. This observation results from the pre activation of factor VIII in the two stage assay and reflects a greater rate of A2 dissociation than observed in native factor VIIIa. This phenotype has been attributed to alterations in or around critical residues participating in the retention of A2 subunit.
The factor Xase complex
Assembly of the factor Xase complex is is consistent with the A3 C1 C2 subunit of factor VIIIa providing the majority of the binding energy for this interaction. To date only one region within the A3 C1 C2 subunit has been identified as a factor IXa interactive site. Antibody and peptide inhibition studies mapped a minimum sequence required for this interaction to Glu1811
Lys1818 63) , although more recent mutagenesis studies proposed residues 1803 1810 as factor IXa interactive 65) . Inclusion of the membrane surface facilitates this interaction in that an 4 fold increased affinity for the A3 C1 C2 association with factor IXa was observed in the presence compared with the absence of the surface as judged by fluorescence energy transfer experiments 64) .
Earlier observations that factor IXa specifically blocked activated protein C catalyzed cleavage at Arg562 in the A2 subunit 66) and that a peptide to factor VIII residues 558 565 inhibited of factor VIIIa stimulation of factor IXa by 67) , Lys294 of factor IXa, likely contributes to this ionic tethering since its substitution with Ala reduced the inter protein affinity several fold 64) .
Another segment in A2 subunit, residues 484 509, represents a major epitope for inhibitor antibodies 73) , supporting the importance of this region in factor VIII function. In a recent study to examine the contribution of this region to catalysis, Ala scanning of charged residues (individually or in clusters) was performed and resultant factor VIII mutants assessed for rates of factor Xa generation 74) . One cluster mutant, where residues Lys489, Lys490 and Lys493 were substituted with Ala demonstrated reduced rates of catalysis, but exhibited little if any effects on affinity for factor IXa binding or the Km for factor X. Interestingly, these reductions in reaction rate
were not observed with the single site mutations, consistent with this region modulating kcat via its basic electrostatic potential. The exact mechanism by which these charged residues 1 contribute to catalysis remains to be determined.
The mechanism(s) by which factor VIIIa enhances catalytic efficiency (kcat/Km) for factor Xa generation remain poorly understood. The primary kinetic component affected by factor VIIIa is kcat, which is increased by 10 4 10 5 using either synthetic phospholipid vesicles 75) or native surfaces such as activated platelets 76) . Table 1 lists kinetic parameters that are representative of values that appear in the literature. Recent studies employing isolated subunits of factor VIIIa have shown that while neither the A1 nor A3 C1 C2 subunit affects the enzymatic activity of factor IXa in catalyzing the conversion of factor X to factor Xa, the isolated A2 subunit enhanced the kcat for this reaction by as much as 100 fold 34) .
Thus the elucidation of kinetic mechanisms for cofactor action may be facilitated by examining factor IXa interactions with a limited complement of factor VIIIa subunits.
While enhancement of kcat represents the primary kinetic effect of the cofactor to catalytic efficiency of factor Xase, factor VIIIa also reduces the Km for substrate factor X about 4 fold ( Table   1 ) and this effect may be significant at plasma concentrations of factor X. Information on the interaction of factor X with factor VIIIa is limited but the A1 subunit appears to play a role in the direct contact of substrate factor X. Solid phase assays using isolated factor VIII chains and factor VIIIa subunits revealed that the C terminal region of A1 subunit (residues 336 372) contains a binding site for factor X 77) . Studies using the zero length crosslinking reagent, EDC, showed that the association between factors VIII and X was primarily electrostatic and mediated by formation of a salt bridge(s) 78) . Thus it was suggested that acidic residues within the C terminus of A1 bond basic residues in factor X. That study also restricted the factor X interactive site to residues 349 372 within A1, and localized the interactive site in factor X to within the protease domain exclusive of the activation peptide. The latter result was based upon retention of the crosslink following cleavage of factor X with the factor X activator in Russell's Viper venom. showing that a mutation where all three acidic residues are substituted with Ala resulted in an 2 fold increase in Km 80) .
The down regulation of factor Xase is largely mediated by alterations in cofactor activity, which may be brought about by two pathways. The first, and likely most relevant, reflects dissociation of the A2 subunit from factor VIII and is considered above. The second entails inactivation by proteolysis with the sites of attack focused on Arg336 within the A1 subunit and Arg562 within the A2 subunit of the cofactor. As previously described, cleavage at the former site alters the interaction between the A1 and A2 subunits yielding reduced kcat values 47) , as well as results in a several fold increase in Km of factor Xase for substrate factor X 79) . This cleavage is catalyzed by activated protein C (APC), a potent anticoagulant that selectively inactivates the cofactors factor Va and factor VIIIa 81) . However, factor IXa 82) 83) and
factor Xa 84) also cleave at this site. Inasmuch as these factors represent the enzyme and product of the factor Xase complex, respectively, both have opportunity to catalyze the inactivation of the cofactor. In the case of factor IXa, cleavage at the A1 site occurs over a prolonged time course 82) 83) .
However, in the case of factor Xa, the generation of high local concentrations of this protease by the factor Xase complex support the hypothesis that factor Xa may contribute to the dampening of factor Xase. Cleavage at the latter site is specific for APC and results in destruction of a critical factor IXa interactive site, the 558 loop 67) . However, factor IXa partially blocks APC cleavage at this site 66) . While the non proteolytic dissociation of A2 subunit appears to account for the primary mode for dampening of factor Xase, the relative contributions of the proteolytic pathways remain to be determined.
Conclusions
The current review has focused on the intra and inter protein interactions central to the function of factor VIII, the cofactor for the intrinsic factor Xase complex. The metal ion dependence of factor VIII, mechanisms for its activation and conversion from procofactor to cofactor, complex inter subunit assemblies within the labile factor VIIIa and the mechanisms by which this cofactor stimulates the catalytic activity of factor IXa and I s down regulated remain fundamental issues to be resolved. While our knowledge of the biochemistry of these interactions is largely incomplete, continued efforts in these areas will allow for the resolution of these and other important aspects of factor VIII structure and function and the regulation of its cofactor activity. 
